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Abstract
Equid herpesvirus type 1 (EHV-1) is a prevalent causative agent of equine diseases worldwide.
After primary replication in the respiratory epithelium the virus disseminates systemically through
a peripheral blood mononuclear cell (PBMC)-associated viraemia. EHV-1 is the only alphaherpes-
virus known so far which is capable of establishing latent infection not only in neurons but also in
immune system cells (mainly in lymphocytes and macrophages). Since leukocytes are not the target
cells for viral replication but are used to transport EHV-1 to the internal organs, the question remains
how the virus avoids the immune response and whether it could potentially be associated with
virus-induced cytoskeletal rearrangements. Therefore, the aim of this study was to investigate the
progress of EHV-1 replication in leukocytes stimulated by phytohemagglutinin and the impact of
EHV-1 infection on the actin cytoskeleton. Using the real-time PCR method we evaluated the
quantity of viral DNA from samples collected at indicated time points post infection. In order to
examine possible changes in actin cytoskeleton organization due to EHV-1 infection, we performed
immunofluorescent staining using TRITC-phalloidin conjugate. The results showed that EHV-1 rep-
licates in leukocytes at a restricted level but with the accompaniment of chromatin degradation.
Simultaneously, infection with EHV-1 caused disruption of the actin cytoskeleton; this was particular-
ly apparent in further stages of infection. Disruption of the actin cytoskeleton may lead to the limited
release of the virus from the cells, but may be also beneficial for the virus, since at the same time it
potentially impairs the immune function of leukocytes.
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Introduction
Equine herpesvirus type 1 (EHV-1), a member of
the Alphaherpesvirinae subfamily, is a world spread
pathogen of major economic importance in horses,
causing mild respiratory diseases, abortion and neur-
ological disorders (Patel and Heldens 2005). Exten-
sive cell-associated viraemia is detected from 4-6 days
after EHV-1 infection and lasts until 9-14 days after
infection (Gibson et al. 1992). Viraemia may occur in
the presence of virus-neutralizing antibodies (Mum-
ford et al. 1987). EHV-1 has the ability to establish
latent infection in leukocytes and trigeminal ganglion
neurons, which play a significant role in the epi-
demiology of EHV-1-caused abortions (Baxi et al.
1996). One of the major problems associated with re-
search on the replication of EHV-1 is the choice of
the experimental model. For obvious reasons, the use
of a natural host is very limited and therefore alterna-
tive solutions are being sought. One of the previously
presented experimental models is the culture of fresh-
ly isolated, equine peripheral blood mononuclear cells
(PBMC) (van Der Meulen et al. 2000). It has been
demonstrated that in vitro mitogen stimulation of
leukocytes enhances EHV-1 replication. Activation of
T-lymphocytes may be an important pathogenic fea-
ture during an EHV-1 infection (McCulloch et al.
1993). Blastic transformation of lymphocytes, induced
in vitro by mitogens or induced in vivo during an
EHV-1 infection, most likely provides a signal for the
virus to start its replication (van Der Meulen et al.
2000). In the present study we have investigated the
dynamic of EHV-1 replication in mitogen stimulated
equine leukocytes and reorganization of the actin
cytoskeleton, which can be utilized by viruses during
entry, replication or egress from the cells. The actin
cytoskeleton is a dynamic structure that plays a crucial
role in many cellular processes. Various herpesviruses
interact with the cell cytoskeleton throughout their
replication cycle, which may cause either actin poly-
merization or fragmentation of filaments (Do¨hner
and Sodeik 2004, Roberts and Baines 2011, Taylor et
al. 2011). The influence of EHV-1 on the cytoskeleton
was previously examined in Vero cells (simian kidney
cells), ED cell culture (equine dermal cells) and pri-
mary murine neurons. It has been shown that changes
in the arrangement of the cytoskeleton depend on the
origin of the cells (Walter and Nowotny 1999,
Turowska et al. 2007, Turowska et al. 2010, Słońska et
al. 2014). Therefore, the aim of this study was to in-
vestigate the progress of EHV-1 replication in equine
leukocytes in relation to its impact on the actin cytos-
keleton. This approach is particularly justified in rela-
tion to the fact that intact cytoskeleton structures are
vital to maintain the immune function of these cells.
Materials and Methods
Cell culture and viruses
The cell culture was established by isolating the
fraction of peripheral blood lymphocytes from horses
free of EHV-1 infection as described previously
(Bańbura et al. 2000). The cells were cultured in Lym-
phoGrow medium containing phytohemagglutinin
(Cytogen) and after 24 hours of incubation at 37oC
with 5% CO2 the cell cultures were infected with ap-
proximately 103 CCID50/ml of a field strain of EHV-1
(Jan-E), isolated from an aborted foetus (Janów Pod-
laski stud, Poland).
Quantitative real-time PCR
Viral DNA was isolated from samples collected
after 2, 4, 8, 24, 48, 72 hours and 7 days post infection
(p.i.), separately from leukocytes and cell culture me-
dium. The quantity of the EHV-1 DNA in all samples
was estimated using real-time PCR (qPCR) with a flu-
orescent TaqMan probe. For amplification of viral
DNA, primers specific for the glycoprotein B (gB)
gene were used. Serial dilutions of Jan-E strain DNA
were used as reaction standards. Uninfected PMBCs
were used as a negative control. Tests were run on
a LightCycler 2.0 instrument (Roche Diagnostics) us-
ing an in-house quantitative method as described pre-
viously (Dzieciątkowski et al. 2009, Cymerys et al.
2010).
Immunofluorescent staining
For immunofluorescent staining, cells were plated
onto laminin-coated coverslips. After 2, 4, 8, 24, 48
and 72 h p.i. the cells were fixed in 3.7% paraformal-
dehyde/PBS (Sigma Chemicals) for 30 min at room
temperature. The cells were permeabilized in 0.5%
Tween/PBS for 5 min, washed in PBS and blocked
with PBS containing 1% bovine serum albumin (BSA)
(Sigma Chemicals). Filament structures of actin were
visualized using TRITC-phalloidin conjugate (500
ng/ml; Sigma Chemicals). Polyclonal antiserum
EHV-1/ERV conjugated to FITC (VMRD, Inc.) was
used to detect viral antigens and the cell nuclei were
stained with Bisbenzimidine/Hoechst 33258 according
to the manufacturerĄs recommendations. Cells were
examined under a BX-60 Olympus microscope using
Cell∧F software.
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Fig. 1. Real-time PCR quantification of EHV-1 DNA in equine leukocytes. Dynamics of EHV-1 replication in leukocytes from
2 h p.i. to 7 days p.i. (A) Comparison of amounts of EHV-1 DNA in leukocytes and cell culture medium in samples collected
from 2 h p.i. to 7 days p.i. (B) Differences in mean values in relation to control uninfected leukocytes were interpreted as
significant at P <0.05 (*) and highly significant at P <0.01 (**).
Fig. 2. Immunofluorescence image of uninfected leukocytes. Staining for actin (B) (red fluorescence – arrows), nuclei (A) (blue
fluorescence), (C) imposition of fluorescence channels. Microscope magnification 40x.
Statistical analysis
All experiments were performed in triplicate and
each analysis was repeated at least twice. Differences
in mean values in relation to control (uninfected
leukocytes) were analyzed using Student’s t-test
(STATISTICA software – Version 10). Statistical dif-
fer-ences were interpreted as significant at P<0.05 (*)
and highly significant at P<0.01 (**).
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Fig. 3. Immunofluorescence image of leukocytes infected with Jan-E strain of EHV-1. Staining for actin (red fluorescence), nuclei
(blue fluorescence), EHV-1 antigen (green fluorescence). Microscope magnification 40x.
Results
In this paper we present preliminary results con-
cerning the dynamic of EHV-1 replication in mito-
gen-stimulated leukocytes and its influence on the or-
ganization of the actin cytoskeleton. The PCR results
indicated an initial predomination of viral DNA in
culture medium in comparison to cells. However, in
the further stages of infection variation of the level of
viral DNA in cells and in the culture medium was
observed. From 8 h.p.i. up to 7 d.p.i. the amount of
viral DNA was maintained at a higher level in cells
than in the culture medium (Fig. 1B). Microscopy
analysis confirmed the presence of EHV-1 antigen in
the infected cells at all the examined time points.
From 2 h.p.i. to 8 h.p.i. the signal was emitted from
the nuclei and was also accompanied by the destruc-
tion of chromatin (Fig. 3A,B,C). However, in the
subsequent stages of infection the signal was emitted
from cytoplasmic regions, mainly close to the nuclei
(Fig. 3E,F – arrows). We also found the florescence
to be most intense in the cells that were already
damaged. In the control (uninfected cells) actin
microfilaments were observed within the cytoplasm
with the densest distribution in the peripheral regions
of the plasma membrane (Fig. 2B,C – arrows). Dur-
ing infection with EHV-1 the organization of the actin
cytoskeleton was altered compared to uninfected con-
trol cells as early as 4 h p.i. (Fig. 3B). In further
stages of infection, first a general depolymerization of
actin (Fig. 3C) and subsequently significant changes
in the organization of the actin cytoskeleton were ob-
served. Actin was not organized in a network of fibers
but formed spherical structures distributed in the
whole area of the cell; this was accompanied by the
accumulation of viral antigen around the nuclei
(Fig. 3D,E,F – arrows).
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Discussion
Results indicated that, although EHV-1 replicates
in leukocytes at a restricted level, it is not effectively
released from the cells. Since actin plays a crucial role
in intracellular transport, which is critical for viral rep-
lication and egress, a limited virus release from the
cells may result from observed changes in the actin
cytoskeleton. However, it should also be emphasized
that leukocytes are not specific target cells for EHV-1
replication which, after primary replication in the re-
spiratory epithelium, uses leukocytes to spread to in-
ternal organs. These are also the cells in which the
virus establishes latency (Baxi et al. 1996). As was pre-
viously noted, the effect of viral infection on the cytos-
keleton structure may vary depending on the cell type
(Turowska et al. 2010, Słońska et al. 2014). It has been
shown that the Jan-E strain induced polymerization of
F-actin in Vero cells but not in ED cells (Turowska et
al. 2010). In primary murine neurons the Jan-E strain
did not disrupt the actin cytoskeleton, but caused
a rearrangement of actin distribution and induced the
formation of actin-containing cell projections, which
stretched from cell to cell (Słońska et al. 2014). Pre-
sumably, EHV-1 utilizes actin filaments in leukocytes
at the initial stage of infection, as fluorescent images
confirmed that the virus is able to reach the site of
replication. Nevertheless, it is unclear whether an in-
tact actin cytoskeleton is essential for EHV-1 replica-
tion. Our previous studies on primary murine neurons
with cytoskeletal inhibitors indicated that the level of
replication of the Jan-E strain was similar in neurons
with a damaged and with an intact actin cytoskeleton
as well as nucleo-cytoplasmic transport receptors
(Słońska et al. 2013, Słońska et al. 2014). However, it
is worth mentioning that the role of the various com-
ponents of the cytoskeleton in the replication cycle of
a particular virus may differ depending on the type of
infected cells. In the case of the Epstein-Barr virus
(EBV) the role of actin in its transport differs signifi-
cantly in B lymphocytes and in epithelial cells. It was
observed that the virus enters these cells using differ-
ent mechanisms. Moreover, all viral particles entering
B cells remain stable for at least 8 h, while up to 80%
of viral particles entering epithelial cells are degraded.
Furthermore, transport of the virus to the nucleus re-
quires involvement of the actin cytoskeleton only in
epithelial cells (Valencia and Hutt-Fletcher 2012).
However, interactions between viruses and the host
cytoskeleton do not have to be connected with virus
trafficking within the infected cell. In leukocytes, vi-
rus-induced cytoskeletal changes may lead to an im-
pairment of cell functions, as it was proven that in-
volvement of the actin cytoskeleton is essential in mol-
ecular organization at the immunological synapse for-
med between T lymphocytes and antigen-presenting
cells (Valitutti et al. 1995, Campi et al. 2005). It has
been demonstrated that human immunodeficiency vi-
rus (HIV-1) infection of T lymphocytes affects the
cytoskeleton, impairing the generation and function
of immunological synapses, in order to ensure cell sur-
vival, virus replication and spread (Soares et al. 2013).
In conclusion, our preliminary results indicate that
EHV-1 enters the cell and replicates in leukocytes at
a limited level, simultaneously causing disruption of
the actin cytoskeleton and this is particularly apparent
in further stages of infection. Therefore, it is tempting
to speculate that these changes may have an impact
on the limited release of the virus from the cells. Con-
sidering that rearrangements of the actin cytoskeleton
caused by EHV-1 infection may differ depending on
the strain used for infection, further studies with other
EHV-1 strains are required. Moreover, in order to
determine whether the viral infection influences only
the actin cytoskeleton structure or whether it also
causes changes in F-actin protein level, it would also
be necessary to perform a quantitative evaluation
based on scanning cytometry, measuring F-actin-re-
lated fluorescence intensity. Additionally, as the inter-
play between different cytoskeleton elements has still
not been examined in the case of infection of
leukocytes with EHV-1, further studies concerning
microtubules, motor proteins and intermediate fila-
ments are also required.
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